The effect of irrigation frequency on leaf physiomorphological processes of rose-scented geranium (Pelargonium capitatum x P. radens cv. Rose) was investigated in a glasshouse study at the Hatfield Experimental Farm of the University of Pretoria, Pretoria, South were taken one week prior to harvesting, whereafter all plants were re-watered. For each of the irrigation frequency treatments, 50% of the plants were then exposed to a one-week irrigation withholding period (brief stress treatment) prior to harvesting. During this period, physiological properties were recorded on a daily basis to identify or monitor change.
5 was set to regulate temperature when it rose higher than 18°C. The highest maximum temperature recorded during the experimental period was about 33°C.
Plant culture
Rose-scented geranium (Pelargonium capitatum x P. radens) stem cuttings were taken from healthy growing plants (in a tunnel) and raised in seedling trays filled with peat in a mist bed for 40 days. The plantlets were transplanted into 10-L plastic pots, filled with a sandy clay soil (52:10:38 coarse sand, silt and clay, respectively) on 29 October 2005.
Water holding capacity of the growing medium was about 29 and 17% (v/v) at field capacity and permanent wilting point, respectively. Before applying treatments, the plants were allowed to grow for six months until uniform growth was attained, during which the plants were cut back twice. Irrigation frequency treatments were imposed for two months, starting one month after the last cut back of plant shoots.
Treatments and experimental design
Five irrigation frequency treatments (T1 to T5) were imposed, consisting of irrigating daily or every second, third, fourth or fifth day. The irrigation frequency treatments were arranged in a complete randomised block design and replicated six times. There were six rows of 40 pots each, representing the six blocks or replications. Each of the five irrigation treatments was randomly assigned to a group of eight pots in each row. The space between adjacent rows was 1 m, and the plants within a row were 0.30 m apart.
The plants appeared to be sensitive to water stress during the first month after cutting.
Hence, in the first month of regrowth, no water stress was applied. Cultivation practices such as fertilizer application and pest control measures (e.g. for white fly and red spider mite) were also done within that period. Irrigation treatments were then applied during the subsequent two months (Months 2 and 3) of the regrowth period.
For each of the irrigation frequency treatments, 50% of the plants were exposed to a one-week irrigation withholding period (brief stress treatment) prior to harvesting (only on cloudless periods). On day 0 of the one-week irrigation withholding period, all pots were irrigated and physiological data collection started after two hours.
Cultivation practices
During each regrowth period, each plant received 3 g nitrogen (N), 4.5 g phosphorus (P), and 3 g potassium (K) [in the form of 2:3:2 (22) NPK fertiliser granules] as a split in Week 1 and Week 7 of each regrowth cycle. In addition, 1 g N (as ammonium nitrate) and 1 g K (as potassium chloride) were applied to each pot in Week 9 of each regrowth cycle.
To avoid salt accumulation, plants were over-irrigated on the first and second day of each regrowth cycle to induce leaching.
Irrigation management
The pots were placed on top of parallel metallic/wooden bars, which were supported by bricks to allow sufficient space for water-collection cans. At each irrigation event, a measured volume of water was applied. The volume of water that was required to refill the pots to pot capacity for each irrigation event (water volume depleted through evapotranspiration) was determined by supplying an excess volume and subtracting the volume of drained water from the applied volume. To minimise nutrient losses, the drainage water was recycled on the next irrigation event. Corp., Santa Barbara, USA). To avoid water loss, the leaves were mounted in the pressure chamber within 30 seconds after they were detached from the mother plants. The pressure readings were taken when a water film meniscus started to appear on the incised petiole surface protruding from the pressure chamber lid (Lambers et al., 1998) .
Data recorded
Relative water content of leaves was determined gravimetrically. For RWC determination, ten leaf discs of 1 cm 2 per each replication were cut (from progressively stressed plants). After fresh mass was recorded, the leaf discs were floated on distilled water for about 12 hours in the dark to achieve full turgor. Excess water on the leaf surfaces was removed with tissue paper, and the turgid mass for each disc was recorded. For the 8 next 72 hours, the leaf discs were oven-dried at 70°C to determine their dry mass. The RWC values were calculated using Equation 1 (Barrs and Weatherly, 1962 Following embedding in paraffin wax, the samples were sectioned to about 8 mm using a rotary microtone (Reichert-Jung-2040, Reichert-Jung, Germany), mounted on glass slides, stained with safranin and counterstained with Fast Green. The specimens were then covered with a glass cover over a film of transparent glue. Images were obtained using an Olympus digital camera (Olympus SZX7, Olympus Optical Co. Ltd, Japan) fitted on a light microscope (Olympus SZX-TR30, Olympus Optical Co. Ltd, Japan).
During harvesting, plant shoots were cut to a height of about 15 to 20 cm above the surface of the growing medium. Fresh herbage mass was measured immediately after cutting, and samples (2.5 -5 kg each) were sent for oil content determination (by steam distillation) and oil composition analysis. From the oil content and fresh herbage mass, the oil yield per treatment was calculated. Oil samples were pooled per treatment (the same amount of oil taken from each replication of the same treatment was mixed together) and analysed by gas chromatography (GC), as described by Eiasu et al. (2008) .
Water use efficiency (WUE) was determined using the relationship between oil yield (mg/plant/regrowth) and total water volume used (litre/plant/regrowth) (Equation 2).
T h e r e c o r d e d d a t a w e r e s u b j e c t e d t o a n a l y s i s o f v a r i a n c e ( A N O V A ) u s i n g M s t a t c (MSTAT-C, 1991). Where applicable, treatment means were separated by a LSD (least significant difference) test at α = 0.05 level.
Results and discussion

Essential oil yield and composition
Essential oil yield
The combination of high irrigation frequency (daily and/or every second day irrigation) and a brief water stress period (one-week irrigation withholding before harvest) gave the highest essential oil yield ( Fig. 1 ). In general, the irrigation frequency and brief water stress effects were more prominent in Harvest 2 (warm season regrowth cycle) than in Harvest 1 (cool season regrowth cycle). These results are consistent with the findings of a previous study with similar irrigation treatments (Eiasu et al., 2008) .
Essential oil composition
Results of essential oil composition in response to irrigation frequency are presented in Fig   2 . Since oil composition results were not replicated (pooled samples per treatment), statistical analysis could not be performed on the data. However, there was a tendency that less frequent irrigation (T3, T4 and T5) favoured the production of citronellol and citronellyl formate. An increase in the levels of these compounds in the oil was associated with a decrease in geraniol and geranyl formate levels. These results are in agreement with the findings of Eiasu et al. (2008) . Citronellol to geraniol (C:G) ratio ranged between 2.4 in higher irrigation frequency treatments (T1 and T2) and 4.8 in lower irrigation frequency treatments (T3, T4 and T5). The C:G ratio for the T1 and T2 treatments was consistently within the acceptable range (C:G ratio < 3) (Motsa et al., 2006) . The high C:G ratio in the lower irrigation frequency treatments (T3, T4 and T5) will probably make the oil unsuitable 11 for the perfume industry (Motsa et al., 2006) . There was no clear indication that the oneweek irrigation-withholding period affected oil composition.
Leaf physiological responses to water stress Stomatal conductance
Results obtained during the one-week irrigation-withholding period revealed that irrigation frequency influenced stomatal conductance behaviour differently (Fig. 3) . On
Day 0 of the irrigation-withholding period, plants from the less often irrigated treatments (T4 and T5) had lower stomatal conductance than plants from the more often irrigation treatments (T1 and T2).
During the first and the second day of the irrigation-withholding period, stomatal conductance of the plants from the more often irrigated treatments declined at a faster rate.
Hence, the stomatal conductance ranking order observed upon rewatering (Day 0) was reversed on Day 2 and 3 of the irrigation-withholding period. These results indicated that long term water stress induced changes in stomatal conductance as an adaptation mechanism. Values of Gs recorded on Day 0 agree with results reported by Liang et al.
(2002), which showed that in wheat (Triticum aestivum) which was relieved from water stress, stomata reopened late compared to well-watered plants. Nunes et al. (2008) also demonstrated stomatal conductance to be the main drought-avoidance mechanism used by Medicago truncatula cv. Jemalong plants.
Transpiration rate
At high soil water status (on Day 0 and Day 1 of the irrigation-withholding period), transpiration rate was significantly higher for the plants from the high irrigation frequency treatments (T1 and T2), compared to those from the less frequently irrigated treatments (T4 and T5). The reverse was true after Day 1 (in Harvest 1) or Day 3 (in Harvest 2) (Fig. 4) .
The initial fast decline in transpiration rate for T1 and T2 could be attributed to the higher soil drying rate, which resulted from initially higher stomatal conductance (Gutschick, 1999) . As a result, transpiration rate dropped to about 30% of its initial value for T1, compared to ± 80% for T5.
Relative water content
On Day 0 of the irrigation-withholding period, irrigation frequency treatments did not affect leaf water status or relative water content (RWC) (Fig. 5) . With a progress in the days of withholding irrigation, the RWC of the plants from the frequently irrigated treatments tended to decline at a faster rate compared to that of the plants from the less often irrigated treatments. The overall results support the tendency of declining RWC with progression in soil depletion level observed in sunflower (Panković et al., 1999) and wheat (Liang et al., 2002) .
Leaf water potential
Immediately after irrigation (Day 0), there were no differences in water potential (y W ) among the plants grown under the different irrigation frequency treatments (Fig. 6) . These results are consistent with a previous report (Liang et al., 2002) , which stated that waterstress-relieved wheat plants managed to attain the same y W as that of control plants within a short time. Similar observations were also reported in avocado (Chartzoulakis et al., 2002) and soybean (Lei et al., 2006) .
On Day 1 y W started to decline in all treatments. The declining rate was highest in the plants of the highest irrigation frequency (T1). As a result, on the seventh day of withholding irrigation, the highest and lowest y W were recorded f or th e T5 an d T1 treatments, respectively. The respective mean y W for T2, T3, T4 and T5 were 8.8, 19, 31, and 42% higher than that of T1 (the most frequently irrigated treatment).
The physiological data, as a whole, highlight that in water-stressed conditions, the plants developed some water-saving mechanisms, i.e. water stress induced a long-term decline in stomatal conductance and transpiration rate, which enabled the plants to maintain higher relative water content and leaf water potential under prolonged water stress. These findings support the general understanding that certain deficit irrigation techniques could induce some physiological adjustments in plants that could contribute to improved water productivity (Kirda, 2000) .
Leaf morphological response to water stress Shape and type of trichomes
Regardless of irrigation treatments, two types of glandular (different in shape and size) and one type of non-glandular trichome were observed on both adaxial and abaxial surfaces of the leaves (Fig. 7a-c) . The small glandular trichomes had nearly a columnar shape with a slightly bent terminal (apical) cell pointing towards the leaf tip. Both types of glandular trichomes were morphologically of the peltate type, consisting of five cells, i.e. one basal, three stalk and one apical (head) cells (Fig. 7a) , as previously reported for Pelargonium scabrum (Oosth ui zen an d Coetzee, 1983) . I t i s n ot cl ear wh eth er th e two g r oups of glandular trichomes are different in morphology. The small trichomes could be miniature trichomes (the same as the larger glandular trichomes) but failed to attain full growth to secrete and/or store essential oils, since the glandular cells looked as if they were shrivelled or lacked stored oil in their sub-cuticular spaces.
The two groups of trichomes may also be different types of glands, as was described for P. scabrum (Oosthuizen and Coetzee, 1983) and P. graveolens and P. radens (Van der Walt and Dermane, 1988). P. radens is one of the parents of the cultivar used in the present investigations. The small glandular trichomes also look like the columnar glandular trichomes observed in leaves of Cucurbit pepo subspecies pepo var. Styrica (Kolb and Müller, 2004) . Consistent with previous reports (Turner et al., 2000; Sharma et al., 2003) , each trichome in this investigation arose from a single epidermal cell (Fig. 7b ).
On average, the diameter of fully expanded apical cells of the large glandular trichomes was about 50 mm. Ruptured glandular trichome head cells showed that the sub-cuticular space, in which essential oils are stored (Turner et al., 2000; Werker, 2000) , is relatively small (Fig. 7d) , i.e. most of the trichomes' globular heads are occupied with solid-like material, presumably the secretory cell (Werker, 2000) .
Trichome density
Electron-microscopic observations showed that leaf hair (non-glandular trichomes) and stomatal densities were higher in the lower (abaxial) than on the upper (adaxial) leaf surface (Table 1) . Irrigation treatments did not have a significant effect on stomatal density of the adaxial surface of the leaf. On the abaxial leaf surface, however, stomatal and nonglandular trichome densities were higher for the less often irrigated treatments (T4 and T5).
The increase in non-glandular trichome density seems to be consistent with the general understanding that, in water-stressed conditions, leaf hair density increases to minimise transpiration rate (Lambers et al., 1998) and/or to reflect solar radiation, particularly the ultraviolet wavebands (Holmes and Keiller, 2002) .
The apparent increase in leaf hair and stomatal densities could be associated with a decrease in epidermal cell size (total number of stomata and leaf hair per leaf probably remained the same), which could have led to an increase in hair density (Bosabalidis and Kofidis, 2002; Martínez et al., 2007) . The increased stomatal density of rose-scented geranium in less often irrigated treatments is contrary to the behaviour normally observed in succulent plants when adapting to dry environments (Sayed, 1998) . The present results indicate that in Pelargonium species, the most remarkable water stress adaptation mechanism was partial stomatal closure. A study by Bañon et al. (2004) also revealed that water stress increased stomatal density in Lotus creticus. Similarly, Bosabalidis and Kofidis (2002) reported that stomatal density increased but their apertures were reduced in olive cultivars exposed to water-stressed conditions. Niu et al. (2005) also described stomatal closure as the major drought-tolerance mechanism used by plant species in semi-arid sandlands.
Irrespective of the irrigation treatments, the number of small glandular trichomes was higher than that of the large trichomes on both leaf surfaces ( Table 2 ). The abaxial leaf surface was the major site for glandular trichomes. On both surfaces, density of small glandular trichomes decreased with an increase in irrigation frequency.
The increase in glandular trichome density in the stressed treatments could have resulted from a decrease in epidermal cell size (Bosabalidis and Kofidis, 2002) . Roy et al. (1999) suggested that unlike leaf area, trichome number per leaf is less sensitive to environmental stresses, implying that the apparent increase in trichome density observed in water-stressed conditions mainly arose from a reduction in leaf size. In agreement with these reports, the size of individual rose-scented geranium leaves was found to be affected by irrigation frequency (Table 3 ). These findings suggest that leaf number is a major contributor to total essential yield per plant (and hectare).
Water use and water-use efficiency (WUE)
Water usage decreased with a decrease in irrigation frequency (Table 4 ). The greater water use for the more often irrigated treatments could be attributed to higher evapotranspiration rate associated with a larger canopy and increased water availability. In agreement with this observation, Şimşek et al. (2005) reported that crop evapotranspiration rate of cucumber (Cucumbis sativus) decreased with a decrease in irrigation level. Wallace (2000) also indicated that more frequent irrigation encourages water loss/use.
In general, WUE tended to increase with an increase in irrigation frequency, which was more pronounced during the warm season regrowth cycle (Harvest 2). In contrast,
Kirda (2000) and Liang et al. (2002) reported that mild water stress improved WUE.
However, our results agree with Bessembinder et al. (2005) , who reported that WUE increases with increasing soil water levels, provided that other factors such as the essential nutrients are not limiting.
Conclusions
A combination of high irrigation frequency and a brief water stress period one week before harvest enhanced essential oil yield. High irrigation frequency resulted in a favourable citronellol to geraniol ratio (C:G < 3). The current study also provides evidence that rose-scented geranium makes physiological and morphological adaptations to avoid severe damage from water stress. Low irrigation frequency induced a long-term decline in stomatal conductance and transpiration rate, which enabled the plants to maintain higher relative water content and leaf water potential under prolonged water stress. Stomatal density apparently increased with a decrease in irrigation frequency, implying that stomatal closure is a major water-loss-controlling mechanism in rose-scented geranium. Irrespective of the irrigation frequency, two types of glandular (small and large) and one type of nonglandular trichomes were observed on both the adaxial and abaxial surfaces of the leaves.
Both glandular trichome sizes showed a synchronised development, indicating that trichomes, at least in the same part of a leaf, are initiated or formed at the same time.
Trichome density apparently increased with a decrease in irrigation frequency, and the opposite was true for leaf size. The trade-offs between leaf size and glandular trichome density implies that leaf number contributes more than leaf size to total essential oil yield.
A longer irrigation interval consistently reduced water usage. These results demonstrate that rose-scented geranium plants can employ physiomorphological adaptation mechanisms to save water. However, such water saving strategy is counter-productive, since it will result in lower essential oil yield and water-use efficiency as a result of lower herbage yield. LSD (α = 0.05) NS 33.9 2.7 7.4 † Values in a column followed by the same letter do not differ significantly at P < 0.05; T1, T2, T3, T4 and T5 represent daily, and every second, third, fourth and fifth day irrigation treatments; CV = coefficient of variation; LSD = least significant difference at α = 0.05 Values in a column followed by the same letter do not differ significantly at P < 0.05; T1, T2, T3, T4 and T5 represent daily, and every second, third, fourth and fifth day irrigation treatments; CV = coefficient of variation; LSD = least significant difference at α = 0.05 Table 3 Response of rose-scented geranium petiole and leaf length to irrigation frequency treatments. LSD (α = 0.05) 7.3 8.6 9.7 5.1 † Values in a column followed by the same letter do not differ significantly at P < 0.05; T1, T2, T3, T4 and T5 represent daily, and every second, third, fourth and fifth day irrigation treatments; Harvests 1 and 2 were conducted in June and October 2006, respectively; CV = coefficient of variation; LSD = least significant difference at α = 0.05 Table 4 Water use and water-use efficiency (on essential oil yield basis; mg of oil/litre of water used) of rose-scented geranium grown under different irrigation frequencies and a oneweek irrigation-withholding period. 
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